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ABSTRACT

Ao

The atmospheres of Mars and Venus are considered to consist essen-

tially of mixtures of carbon dioxide and nitrogen. Experimental studies

have shown that a number of powdered metals will ignite in carbon

dioxide as well as in nitrogen. Metals shown to ignite in nitrogen are

powdered lithium, beryllium, calcium, cerium, mischmetall, titanium,

zirconium, thorium, and uranium. These metals will also ignite in

carbon dioxide, in addition to the following, which ignite in carbon

dioxide only: magnesium, aluminum, chromium, and manganese. The

ignition temperatures for these metals are determined in order to

develop appropriate fuels for use in the planetary atmospheres,

I. INTRODUCTION

In order to utilize the atmospheres of the planets Mars
and Venus for propulsion, it is necessary to determine
the properties of the atmospheres and then to find appro-
priate chemicals which will burn in these atmospheres.
The guiding criterion for selecting a suitable propellant
is the heat evolution per unit mass of propellant.

A recent estimate of the properties of the atmospheres
of Mars and Venus is as follows: Venus—surface pres-
sure, 7 atm; surface temperature, 700°K; composition (by
volume), 85% CO,, 10% N,, 5% Ne; Mars—surface
pressure, 25 mb; surface temperature, 300°K maximum;
composition, 11% CO,, 87% N., 2% Ar.
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Fig. 1. Energy obtainable from propellants in atmospheres of nitrogen and of carbon

dioxide, and in inert atmosphere (kcal/g)
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The energy per unit mass of propellant is listed in
Fig. 1 for the reaction with a N, atmosphere, for the
reaction with a CO, atmosphere, and for the case in
which the atmosphere is inert and the mass of propellant

includes the sum of the mass of the fuel and the oxidizer.
It the CO. or N, atmosphere is utilized, it is seen that
the energy/mass ratio can be appreciably higher than for
most bipropellant combinations.

Il. EXPERIMENTAL PROCEDURE

This Report is concerned with finding the ignition
temperature of some of the propellants listed in Fig. 1
in CO. and in N.. The ignition temperature is measured
by placing a chromel-alumel thermocouple in the fuel
and heating the fuel in the gas. Ignition is casily scen as
a virtually discontinuous temperature increase on a
temperature-time  graph, obtained by impressing the
voltage output of the thermocouple on a strip-chart re-
corder input.

r PLATINUM CHAIN

- THIS SURFACE TO BE
OPTICALLY FLAT

CAPILLARY
STOPCOCK ‘

R R
— LET 3 77
S\ \ o
—r\%
N S MALE TAPER
CRUCIBLE L a4 \ JOINT
{COORS 000000} FEMALE TAPER
JOINT
"~ SToPCOCK
(18-mm BORE)

—

"7~ MALE TAPER JOINT
(24740 %)

Fig. 2. Nitrogen ignition apparatus

Several methods were used for heating the fuel in the
gas. A tube furnace assembly is shown in Fig. 2, with
the sample holder illustrated in Fig. 3. The crucible was
filled with the fuel (in an Ar atmosphere for a highly
pyrophoric fuel) and the sample holder placed on the
furnace assembly. The system was evacuated and then
filled with the gas. A flow rate of 100 ml/min was main-
tained, the furnace was turned on, and the rise of tem-
perature with time was measured.

T
[ - SAMPLE HOLDER

| — = WATER OUT
L T WATER IN

~ COLD JOINT

- - COMBUSTION - TUBE
FURNACE
12inf ~CONNECTING TUBE WITH
) § stopcock anD §
20in. R JOINT

- TO VACUUM
SYSTEM

" STOPCOCK
- STOPCOCK—3-WAY

QUARTZ TUBE -#=

'

CHROME L -ALUMEL }
THERMOCOUPLE —

CAP-TYPE STOPPER _\“l

. -FLOWRATOR METER
INSTALL THERMOCOUPLE |
IN STOPPER /

NITROGEN
SOURCE

CONNECTING TUBE’

Fig. 3. Sample holder



JPL TECHNICAL REPORT NO. 32-679

Other ignition studies were performed in the tube
reactor (Fig. 4), which was heated externally with a
torch. The gas fuel rate was generally 100 ml/min
through the tube. The powdered metal was put into a
crucible, which was then placed at the bottom of the
vycor tube, and the thermocouple was inserted into

THERMO-ELECTRIC CO.
CERAMO 1/16-in. OD CHROMEL-ALUMEL
THERMOCOUPLE; 0010-n. D
WIRE

10/30 §

WESTGLASS
w-1820

4-mm
STOPCOCK

SILVER SOLDER
1/8-in. KOVAR-PYREX SEAL

.~ 22-mm OD PYREX

4/4
o 24/50 §
==1
_—22-mm OD VYCOR
pe
22 cm
COOR CRUCIBLE
SIZE 000000
IR B

Fig. 4. Tube reactor

the powder. A similar reaction tube (Fig. 5) was used
for the reaction with beryllium, and the pressure was
maintained at 1 atm. The tube was heated in a sand bath.

The N. used in these experiments was Linde Co. Extra
Dry High Purity, 99.995% pure, dew point <—73°C,
<30 ppm O, The CO, was Matheson Coleman
Grade, <100 ppm impurities.

THERMO ELECTRIC CO.
CERAMO !/16.in. 0D CHROMEL-ALUMEL

THERMOCOUPLE; 0.010-n. D

WIRE ,__7\

SILVER SOLDER

1/8-in. KOVAR-PYREX SEAL

22-mm 0D PYREX

24/40 §

5
\
1
)
=

/ 22-mm 00 VYCOR

22 cm

4\

Fig. 5. Beryllium reaction tube

. EXPERIMENTAL RESULTS

was heated in N. in the tube furnace apparatus (Figs. 6,
7) and, in two experiments, was observed to ignite at
388 and 410°C, respectively. In the tube reactor (Fig. 8),
the Li was seen to ignite at 330°C in CO..

Lithium has been reported to ignite in N, at 170°C
(Ref. 1), 450°C (Ref. 2), and at dull red heat (Refs. 3, 4).
Here, powdered Li (Foote Mineral Co., New Johnson-
ville Operations, <100y particle size, lot No. 401-03)
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Fig. 6. <100y lithium + nitrogen at 100 ml/min in
tube furnace apparatus; ignition at 388°C
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Fig. 7. <100, lithium + nitrogen at 100 mi/min in
tube furnace apparatus; ignition at 410°C
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2
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2.5
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Fig. 8. <100, lithium + carbon dioxide at 100 ml/min in tube reactor; ignition at 330°C
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THERMOCOUPLE OUTPUT, mv
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Fig. 9. 0.03; beryllium + nitrogen in beryllium reaction tube; ignition at 504°C
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25

527°C

20

{

Fig. 10. 0.03; beryllium + nitrogen
in beryllium reaction tube;
ignition at 527°C

o
N

THERMOCQUPLE OUTPUT, mv

O-I 0 | 2 3
TiME, min

Beryllium was reported to react at moderate speed
with N. at 1100°C, although it reacts no more rapidly at
1300°C (Refs. 5, 6). Here, finely powdered Be (National
Research Corp., Ultra Fine Beryllium Powder, <0.1u
particle size) was seen to ignite in air and in CO, at room
temperature, and in the beryllium reaction tube at 504

and 527°C in N, (Figs. 9, 10).

Magnesium. The literature is somewhat contradictory
regarding Mg in N.. Mg powder (100% /100 mesh,
80% /270 mesh) ignited at 530°C (Refs. 7, 8) and also
reacted readily when heated (Refs. 8, 9). Elsewhere it
is reported that there is no reaction under 600°C

(Ref. 10), and that the reaction begins at a temperature
of 670°C (Ref. 11).

Here, Mg powder (Reade Manufacturing Co., Inc.,
—325 mesh, rated 99.9% pure) was heated to 954°C in
N., and there was no indication of ignition (Fig. 11).
There was a yellowish powder — presumably Mg,N, —
present after cooling, however. Some Mg powder was
heated rapidly to 1071°C, and no ignition occurred in
N. (Fig. 12). The yellow material was noted, however,
after the tube cooled down. Heating Mg at 30 ml/min in
CO. in the tube furnace, it was noted that ignition oc-
curred at 749°C (Fig. 13). This compares to a literature
value (Ref. 7) of 630°C for Mg powder.
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THERMOCOUPLE OUTPUT, mv

THERMOCOUPLE OUTPUT, mv

40

35 —+— - — y -
760>\/

30 /1
25 // _ N
20 /
5 - B - -+ |
10 —
5
0

-2 9 2 a 6 8 10 12 14 6 8 20

TIME, min
Fig. 11. —325 mesh magnesium + nitrogen in tube furnace apparatus; no evidence of ignition
45 T 7 T N I071°C - i
40 L —
ﬁic//
35| — — e O - —
N

30 / — S
7 S PR IR B - 1
20 1 | ]

0 2 4 6 8 10 12 14 16 18 20 22
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Fig. 12. —325 mesh magnesium + nitrogen in tube furnace apparatus; no evidence of ignition
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THERMOCOQUPLE QUTPUT, mv

mv

1

THERMOCOUPLE OUTPUT

40

30

20

o]

312 mv=749°C %

/

S

/

%

o] 2

4 6

TIME, min

Fig. 13. —325 mesh magnesium + carbon dioxide at

30 ml/min in tube furnace apparatus;

ignition at 749°C

TIME, min

6

Fig. 14. —325 mesh calcium + nitrogen at 30 ml/min

in tube furnace apparatus; ignition at 327°C

Calcium. Ignition of Ca in N, reportedly occurs at dull
red heat (Refs. 12-15). Certain alloys of Ca can react
faster or more slowly with N, (Ref. 16). Here, — 325 mesh
Ca powder (Research Chemicals Div. of Nuclear Corp.
of America, 99.9% pure) was found in three experiments
to ignite at 327 (Fig. 14), 360 (Fig. 15), and 671°C
(Fig. 16) and observed to burn vigorously. After cooling
and treating the solid product with water, an NH, odor

147 mv = 360 "C\ /

20

o

S

(&
\

THERMOCOUPLE OUTPUT, mv

_/

0 2 4 6 8 10

o]

TIME, min

Fig. 15. —325 mesh calcium + nitrogen at 10 ml/min
in tube furnace apparatus; ignition at 360°C

30 I T

28 mv = 67) °C —

” /

>
€
-
2
a /
5 20
Q
W
-J
a
2
8 15 B T -
o
=
o
Ll
I
[
o - e - e
5
-2 ] 2 4 6 8

TIME, min

Fig. 16. —325 mesh calcium + nitrogen at 18.5 ml/min
in tube furnace apparatus; ignition at 671°C
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was observed, indicating the presence of Ca;N, in the
solid. The high ignition temperature in one case may be
due to the formation of a protective nitride layer. It is
of interest that ignition is indicated as an intense endo-
therm, and ignition and combustion were observed in the

o T TGOy T

25

~n
[e]

THERMOCOUPLE OUTPUT, mv
<) o

TIME, min

Fig. 17. —325 mesh calcium + carbon dioxide at
100 m!/min in tube furnace apparatus;
ignition at 293°C

three cases. Ca also ignited in CO. at 293°C (Fig. 17)
and burned quite brightly.

Boron. Amorphous B reportedly does not react with
N. at 900°C, and the reaction begins at 1230°C
(Refs. 17-20). Here, ultrafine B powder (National Re-
search Corp., 0.02 to 0.06y particle size) was heated in
N. to 893°C in the tube reactor, and there was no cvi-
dence of ignition. A chemical analysis indicated 0.8%¢ N
in the product. Similarly, there was no indication of igni-
tion of B in CQO. heated to 920°C in the tube reactor.

Aluminum. In the literature, it was reported that pow-
dered Al ignites at 720°C (Ref. 21) or 820°C (Refs. 22,
23). Others state that the reaction is vigorous but not
self-sustaining at 700~730°C (Ref. 7), a reaction occurs
above 800°C (Refs. 24, 25), and that the best temperature
for AIN preparation is 900°C (Ref. 26). It was found here
that neither powdered Al (Reynolds Aluminum 1-131
Atomized Powder, 99.377 pure, average particle size
$-9,) nor ultrafine aluminum powder (National Research
Corp., 93%¢ pure, with oxide as the impurity, 0.03;. aver-
age particle size) ignited in N.. The ultrafine powdered
Al was heated to 1020°C in the tube reactor, and no
ignition occurred; some evidence of reaction was found
at 977°C (Fig. 18). Figure 19 shows some evidence ot
ignition at 1080°C.

Al powder (—325 mesh) reportedly ignited in CO. at
655°C (Ref 7). Here, the ultrafine powder ignited with
CO. in the tube reactor at 360°C (Fig. 20) and 420°C
(Fig. 21) and burned vigorously. However, when Al was

45
>
E /&«v
- 40
}—-
2 _— 97%
’_ /
>
e /
wl
g 35 =
o /
2
Q
(&)
o
2 /
&
W 30
=

25

0 2 4 6 8 10 12 14 3 18 20 22
TIME, min

Fig. 18. 0.03. aluminum + nitrogen at 100 ml/min in tube furnace apparatus; some evidence of ignition at 977°C

10
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40 . /7" — e — . ]
! i
e e - : - —
30 !
o] 2 4 6 8 {0 12 14 16 18 20 22

TIME, min

Fig. 19. 0.03;. aluminum + nitrogen at 100 ml/min in tube furnace apparatus; some evidence
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of ignition at 1080°C

451"
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) \

w
(o]
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n
(o)

w

350°C
10 //
5 //
0
(o] 0.5 | 1.5
TIME, min

Fig. 20. 0.03; aluminum + carbon dioxide at 100
ml/min in tube reactor; ignition at 360°C
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Fig. 21. 0.03. aluminum + carbon dioxide at 100 ml/min in tube reactor; ignition at 420°C
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Fig. 22. 0.03; aluminum + carbon dioxide at 100 ml/min in tube furnace apparatus; no evidence of ignition
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heated with CO, in the tube furnace apparatus (Fig. 22),
no igniticn was observed, in spite of the fact that when
the sample holder (Fig. 3) was removed and ultrafine Al
powder sprinkled into the hot (980°C) tube furnace with
CO. coming through at 100 ml/min, the powder ignited.
Hence, the failure of the Al to ignite with CO. in the
tube furnace is attributed to the fact that the Al had
already oxidized below its ignition temperature.

Cerium. It is found in the literature that Ce ignited
and burned in N, at 780°C (Ref. 27) and Ce wire
ignited in N. at 850°C (Ref. 28). Here, Ce powder
(VARLACOID Chemical Co., New York, order No.
BH4-288601, —325 mesh, packed under kerosene), after
having the kerosene removed by extraction with hexane,
was scen to ignite at 216°C with N, in the tube furnace
(Fig. 23) and at 230°C in the tube reactor (Fig. 24) to
produce intense combustion. Treatment of the solid prod-
uct with water after it had cooled down produced NH,,
indicating that the nitride was, indeed, formed.

When Ce was heated with CO, at 100 ml/min in the
tube reactor, ignition and combustion were observed at
97°C (Fig. 25), 172°C (Fig. 26), and 190°C (Fig. 27). The
low ignition temperaturc of 97°C is interesting; it is
probably due to a hot spot caused by uneven heating of
the tube reactor.

20

o [
L\ZIG"C
L/
/

o] 1 2 3 4 5 [
TIME, min

THERMOCOUPLE OQUTPUT, mv

Fig. 23. —325 mesh cerium + nitrogen at 100 ml/min
in tube furnace apparatus; ignition at 216°C

Mischmetall. Powdered Ce mischmetall (VARLACOID
Chemical Co., New York, order No. BH4-288601; —325
mesh, packed under kerosene) was treated with hexane
to remove the kerosene and was found to ignite in N, at

s
R R
g
b
5
a

|
E oo
o)
o 230 °C
J
a
po)
3
o 3 %
s
[1 e
w
I
-

0

0 s 30 45 60

TIME, sec

Fig. 24. —325 mesh cerium + nitrogen at 100 ml/min
in tube reactor; ignition at 230°C

35

25

) \

THERMOCOUPLE OUTPUT, mv
@

/4— 97°C
/

) 05 15
TIME , min

Fig. 25. —325 mesh cerium + carbon dioxide at
100 ml/min in tube reactor; ignition at 97°C

177°C in the tube reactor (Fig. 28) and at 209°C in the
tube furnace (Fig. 29). It was found that a vigorous
combustion occurred with mischmetall initiated at 160°C
in CO. at 100 ml/min in the tube reactor (Fig. 30).

13
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Fig. 26. — 325 mesh cerium + carbon dioxide at
100 m!/min in tube reactor; ignition at 172°C
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Fig. 27. —325 mesh cerivm + carbon dioxide at
100 ml/min in tube reactor; ignition at 190°C

Titanium. According to the literature, molten Ti
burned in N, (Ref. 29), highly divided Ti burst into
flame in N, at 800°C (Refs. 30, 31), and 10.5; Ti powder
ignited in commercial N, at 760°C (Ref. 30). Here, pow-
dered Ti (A. D. Mackay Co., New York, 1-5u particle
size) ignited in N, at 850°C in the tube furnace appara-
tus (Fig. 31). It is noted that the initial N, temperature
was 540°C. It was found necessary to preheat the N.
because the Ti did not ignite if the N, was initially at
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Fig. 28. — 325 mesh mischmetall + nitrogen at
100 ml/min in tube reactor; ignition at 177°C
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Fig. 29. — 325 mesh mischmetall + nitrogen at

100 mi/min in tube furnace apparatus;
ignition at 209°C
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Fig. 30. —325 mesh mischmetall + carbon dioxide
at 100 ml/min in tube reactor; ignition at 160°C
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Fig. 31. 15, titanium + nitregen at 100 ml/min in
tube furnace apparatus; ignition at 850°C

ambient temperature. In conjunction with this, if the
furnace was heated to 840°C, the tube and sample
holder evacuated, the crucible full of powdered Ti low-
ered into the furnace, and the N, then added to the
system, ignition occurred at once.

It is reported in the literature (Ref. 7) that powdered
Ti ignited in CO, at 680°C. Here, in an initial experi-
ment, the Ti ignited at red heat in CO., and in a subse-
quent experiment, using CO. at 100 ml/min in the tube
furnace, it was scen that ignition occurred at 670°C
(Fig. 32).

Zirconium. The ignition temperature for powdered Zr
in N. is reported in the literature as 530°C for —325
mesh (Ref. 7), 790°C for 3.3p particles (Ref. 30), and no
ignition at 820°C for 17.9. particles (Ref. 30).

Here, for 3, Zr powder (Charles Hardy, Inc., zirco-
nium powder 120-A grade, lot 103-2, order No. BH4-
288629, 94-95%¢ pure, oxide impurity) no ignition was
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Fig. 32. 1-5, titanium + carbon dioxide at 100 ml/min
in tube furnace apparatus; ignition at 670°C
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Fig. 33. 3y zirconium + nitrogen at 100 ml/min in tube reactor; ignition at 525°C
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Fig. 34. 3, zirconium + nitrogen at 100 ml/min in tube reactor; ignition at 490°C
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Fig. 35. 3. zirconium + carbon dioxide at 100 ml/min in tube reactor; ignition at 363°C

observed in the tube furnace apparatus on heating from
25 to 970°C, but in the tube reactor vigorous ignition
was seen at 525 and 490°C in two experiments (Figs. 33,
34). For the reaction of CO. and Zr, the reported ignition
temperature for Zr powder is 560°C. Two experiments
conducted here in the tube reactor using a CO, rate of
100 ml/min show ignition temperatures of 363 (Fig. 35)
and 366°C (Fig. 36).
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Fig. 36. 3. zirconium + carbon dioxide at 100 ml/min
in tube reactor; ignition at 366°C
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Fig. 37. —325 mesh thorium + nitrogen at 60 m!/min

in tube furnace apparatus; ignition at 620°C
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Thorium. Reportedly, 7.2, Th powder ignited at 500°C
in commercial N and at 450°C in CO, (Ref. 31). Hcre,
=325 mesh Th powder (Charles Hardy, Inc., order No.
BI14-285629) was scen to ignite at 830 and 620°C in
N. at 60 ml/min in the tube furnace (Figs. 37, 38); it
ignited at 730°C in CO. at 200 ml/min in the tube
reactor (Fig. 39).

40

>
£ :
-
: /k
@
= / .
3 " 830°C
w
430 ] e
a
2
o
(&)
2
= 25
w
I
-

20

7 8 9 10 1l 12 13

TIME, min

Fig. 38. — 325 mesh thorium + nitrogen at 60 ml/min
in tube furnace apparatus; ignition at 830°C
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Fig. 39. — 325 mesh thorium + carbon dioxide at
200 m!/min in tube reactor; ignition at 730°C
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Uranium. From the literature, it is tound that 10.8,
U= powder ignited in commercial N, at 410 and in CO.
at 330°C (Ref. 30). Here, —200 mesh U*** (The Great
Southern Manufacturing and Sales Co., depleted uranium,
coated with 2% Viton) was found to ignite in N, in two
experiments at 3534°C in the tube reactor (Fig. 40) and
at 360°C in the tube furnace apparatus (Fig. 41), each
using a 100 ml/min flow rate. In the tube reactor, with
CO, at 100 ml/min, U= ignited at 235°C (Fig. 42).

Chromium. Although it was reported by some authors
that pyrophoric Cr, prepared by distilling its amalgam,
ignited in N. when warmed (Refs. 29, 32), others report
a slow reaction on heating (Refs. 15, 17, 33). Here, —325
mesh Cr powder, 99.85% pure (VARLACOID Chemical
Co., New York, order No. BH4-288601), was heated to
1170°C in the tube reactor (Fig. 43), and there was no
cvidence of ignition. On heating in CO, at 100 ml/min
in the tube reactor, the mass suddenly glowed at 870°C
(Fig. 44), indicating a type of ignition.
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Fig. 40. —200 mesh uranium + nitrogen at 100 ml/min
in tube reactor; ignition at 354°C
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Fig. 42. —200 mesh uranium + carbon dioxide at
100 mi/min in tube reactor; ignition at 235°C
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Fig. 43. —325 mesh chromium + nitrogen at 100 ml/min in tube reactor; no evidence of ignition
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Manganese. Although it was reported that finely reactor, and there was no indication of ignition, How-
divided Mn reacted with N, when heated (Refs. 15, 29, ever, when the MN was heated with CO. at 100 ml/min
33, 34), there was no mention of ignition. Here, —325  in the tube reactor, the mass began to glow at 696°C
mesh Mn powder, 99% pure (Charles Hardy, Inc., order (Fig. 45) and appeared to burn, but the combustion was
No. BH4-288629) was heated to 1316°C in the tube  not vigorous.

a5

Fig. 44. —325 mesh chromium + carbon
dioxide at 100 ml/min in tube reactor;
ignition at 870°C
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Fig. 45. —325 mesh magnesium + carbon dioxide at 100 ml/min in tube reactor; ignition at 696°C
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IV. SUMMARY AND DISCUSSION

The results summarized in Table 1 indicate that there
are several fuels that could be used in the atmosphere of
Mars or Venus, the most promising being ultrafine pow-
dered beryllium; lithium, however, is another promising
material, and aluminum and magnesium have potential.
The high toxicity of beryllium and the considerable cor-
rosiveness of lithium present problems which must be
dealt with in developing a propulsive device which uses
Li or Be as fuel.

An extension of this program might take the following
direction: the ignition temperature of the fuel would be
found in the simulated planetary atmosphere and the
heat of combustion and the combustion products deter-
mined. Then, a prototype burner would be developed
and work done to optimize its performance. Finally, the
burner would be incorporated in some type of engine,
such as a ramjet or gas turbine, which would provide
propulsion.

Table 1. Summary of results

Ignition Temperature®, °C
Metal Condition

in N, in CO.,
Lithivm <1004 388, 410 330"
Beryllium <01z 504, 527°¢ 25°
Magnesium —325 mesh No ignition ta 10717 749"
Calcium —325 mesh 327, 360, 671 293°
Boron 0.02-0.064. No ignition to 893" No ignition to 920"
Aluminum 8-9u No ignition to 1080 360", 420°

0.032

Cerium —325 mesh 216, 230" 97,172,190
Mischmetall —325 mesh 209, 177" 160°
Titanium 1-54 830 670"
Zirconium 3u 490, 525" 363, 366"
Thorium ~325 mesh 620 730"
Uranium — 200 mesh, Viton-coated 354°, 360 235°
Chromium —325 mesh No ignition to 1170° 870"
Manganese —325 mesh No ignition to 1316° 696°

41In tube furnace unless otherwise specified.
®In tube reactor.

“In beryllium reaction tube.
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